In this work, the complexation of the bapbpy ligand to zinc dichloride is described (bapbpy = 6,6'-bis(2-aminopyridyl)-2,2'-bipyridine). The water-soluble, colorless complex [Zn(bapbpy)Cl]Cl·2H 2 O (compound 2·H 2 O) was synthesized; its X-ray crystal structure shows a mononuclear, pentacoordinated geometry with one chloride ligand in apical position. Upon excitation of its lowest-energy absorption band 
Introduction
Coordination of metal ions to lipid bilayers is an important phenomenon in biological systems, e.g. for neural signal transduction or muscle contraction. Typically, monovalent and divalent ions like Na + , K + or Ca 2+ bind either to membrane proteins or directly to the phosphate heads of the phospholipids, [1] [2] [3] which triggers the opening of ion gates and leakage ( pumping) of ions to (from) the cell. 4 Meanwhile, much information has been gathered on the interactions between transition metal ions and lipids bilayers. 5 Earlier work of Reedijk et al. investigated the role of metal-lipid interactions in cis-platin chemotherapy, 6, 7 whereas Constable, 8 Hunter 9,10 and Lehn 11 showed how coordination of transition metal ions to membrane-embedded ligands could induce vesicle aggregation and fusion. It was for example highlighted that when ligands are embedded in the two dimensions of a lipid bilayer their coordination chemistry might be different compared to bulk solution. 9, 12 Recent work of Gruber et al. 13 has shown how zinc binding to membrane-embedded chelators could quench the fluorescence of amphiphilic dyes selfassembled in the same lipid membrane.
In the last few years we have been interested in the chemistry of the tetradentate 6,6′-bis(2-aminopyridyl)-2,2′-bipyridine ligand (bapbpy, compound 1). 14, 15 In the first part of this article the synthesis of a zinc(II) complex of the bapbpy ligand, [Zn(bapbpy)Cl]Cl·2H 2 O (compound 2·H 2 O), is reported, as well as its structural, photophysical, and theoretical characterization. We discovered that this water-soluble, colorless compound strongly emits in the blue upon irradiation with near UV light. After fully characterizing the photophysical properties of compound 2 in water we report our investigations on using the bapbpy manifold to detect Zn 2+ ions in aqueous solutions. The detection of unbound metal ions such as Zn 2+ (or Cu 2+ ) in neural tissues has developed into a major research field in bioinorganic chemistry due to the clinical relevance of these ions in neurodegenerative diseases such as Alzheimer's disease. [16] [17] [18] [19] [20] Robust chemical probes have been developed in the last few years that allow rapid detection of the labile Zn 2+ pool in living cells. A traditional approach consists in developing water-soluble metal chelators that may be directly taken up by cells, where zinc binding leads to fluorescence enhancement. When the zinc chelator is insoluble in water, which is the case for bapbpy, one may functionalize it with water-solubilizing groups. We used a different approach, i.e., monofunctionalization of the chelator with a lipophilic tail and insertion of the resulting ligand 3 into dimyristoylphosphatidylglycerol (DMPG) or dimyristoylphosphatidylcholine (DMPC) liposomes, to realize zinc sensing at the surface of the vesicles. According to these studies binding of free zinc takes place with anionic DMPG lipids, whereas it does not happen with zwitterionic DMPC lipids. Quantitative fluorescence studies, binding constant measurement, and competitive binding experiments allow us to discuss the potential of such a system for the detection of free Zn 2+ ions in biological media. 13, 18, [21] [22] [23] [24] [25] Experimental part
Synthesis
All commercially available chemicals were used as received. 1,2-Dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were obtained from Avanti Polar Lipids and stored at −18°C. Toluene and dioxane were dried under sodium and benzophenone; N,N-dimethylformamide was dried under calcium hydride. 1 H and 13 C NMR was performed on a Bruker DPX300
or AV-400 instrument; chemical shifts are reported in δ ( parts per million), and resonances are calibrated to the deuterated solvent peak. All fluorescence intensity measurements were made with an LS-50B luminescence spectrometer (PerkinElmer, Beaconsfield, UK) using a quartz cuvette (1.00 cm pathlength) and temperature control (25°C) by a B. Braun Thermonix 1460. Instrumental parameters and processing data are controlled by the Fluorescence Data Manager software. Unless stated otherwise, excitation and emission wavelengths were set at 363 and 418 nm respectively. UV-visible spectra were performed on a Cary Varian 50 scan UV-Vis spectrometer. LC/MS analysis was done on a JASCO HPLC-system (detection simultaneously at 214 and 254 nm) equipped with an analytical C18 45 .0 mmol) were added to a dry, 3-neck round-bottom flask and put under argon. Dry degassed toluene (40 mL) was added, followed by 2-aminopyridine (1.98 g, 21.0 mmol). The reaction mixture was stirred at 80°C for 3 days. The reaction was allowed to cool to RT and H 2 O (150 mL) was added. After stirring the mixture for 1 hour the precipitate was filtered and washed with water, diethyl ether, and hexane. The light brown powder was dried by azeotropically removing the water with dry toluene, resulting in 1.70 g of bapbpy (73%). Characterization was identical to the literature. 15 [Zn(bapbpy)Cl]Cl·H 2 O (2). To a 50 mL round bottom flask, bapbpy (100.0 mg, 0.29 mmol), anhydrous ZnCl 2 (36.9 mg, 0.27 mmol) and dry degassed MeOH (25 mL) were added under argon to give a yellow solution. This mixture was stirred overnight. Subsequently the solution was filtered to remove the last traces of bapbpy and evaporated to give a yellow powder. The complex was recrystallized from boiling water and slowly cooled down to 4°C to obtain pale yellow single crystals of 2·H 2 O suitable for X-ray diffraction analysis. Drying the crystals under vacuum afforded compound 2 as a pale yellow solid. Yield: 113 mg (86%). 1 3: A mixture of bapbpy (0.15 g, 0.5 mmol), tetrabutyl ammonium bromide (0.15 g, 0.5 mmol) and NaOH powder (0.10 g, 2.5 mmol) was prepared under argon and dissolved in dry dioxane (20 mL). The stirred reaction mixture was heated up to 100°C (reflux) for 1 hour. Then, lauroyl chloride (0.11 mL, 0.5 mmol) was added dropwise via a syringe to the reaction mixture, upon which a colour change from yellow brownish to a dark brownish took place. The reaction mixture was stirred for 4 hours and monitored by TLC (50% EtOAc/ petroleum ether, Al 2 O 3 ). After 4 hours it was cooled down to RT and quenched with 1 M HCl to decrease the pH below 2. This mixture was extracted twice with pentane (30 mL). The water layer was basified using solid NaOH to pH > 12. A colour change from green to yellow orange was observed. Then, the aqueous layer was extracted twice with DCM (30 mL). The combined DCM layers were concentrated in vacuo to yield the crude product as a yellow brown oil. The crude product was taken up in warm pentane and cooled to RT, followed by a filtration to remove the unreacted bapbpy ligand. The filtrate was concentrated under reduced pressure, and purified by silica column chromatography using a gradient of EtOAc in petroleum ether water with DFT/B3LYP using the 6-31G** basis set for C, H, N, O and Cl, and LANL2TZ for Zn as implemented in the Gaussian 03 suite. 33 The polarizable continuum model (PCM) 34 was used to take into account the bulk solvent effects. The excitation energies of the 30 lowest energy singlet-to-singlet excited states were calculated at the same level of the theory using the PCM(water) model. Electron density difference plots in Fig. 3b and Fig. S11 (ESI †) were realized using NWCHEM 35 and CCP1GUI. 36 In NWCHEM package the Conductor-like Screening Model (COSMO) was used to simulate the solvent effects. 37 
Photophysics
Absorption spectra were measured on a Varian Cary 5000 double-beam UV-Vis-NIR spectrometer and baseline corrected. Steady-state emission spectra were recorded on a HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W xenon-arc lamp, double-grating excitation and emission monochromators (2.1 nm mm −1 dispersion; 1200 grooves per mm), and a Hamamatsu R928 photomultiplier tube. Emission spectra were corrected for source intensity (lamp and grating) by standard correction curves. Time resolved measurements were performed using the time-correlated single-photon counting (TCSPC) option of an Edinburgh LifeSpec II spectrometer. An EPL laserdiode (405 nm; FHWM < 80 ps) with repetition rates between 10 kHz and 1 MHz was used to excite the samples. The excitation sources were mounted directly on the sample chamber at 90°to a doublegrating emission monochromator (5.4 nm mm −1 dispersion; 1200 grooves per mm blazed at 500 nm) and collected by an MCP-PMT (Hamamatsu R3809U-50) single-photon-counting detector. The photons collected at the detector are correlated by a time-to-amplitude converter (TAC) to the excitation pulse. Signals were collected using a TCC900 plug-in PC card for TCSPC with START and STOP CFDs, Variable Timing Delay, Time to Amplitude Converter (full range 2.5 ns to 50 μs), Flash
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ADC and memory, and data analysis were performed using the commercially available F900 software (Edinburgh Instruments). The quality of the fit was assessed by minimizing the reduced chi squared function (χ 2 ) and visual inspection of the weighted residuals. All measurements gave a lifetime between 4.9 and 5.0 ns in water in the presence of oxygen. Fluorescence quantum yields were determined using a relative method (reference: 9,10-diphenylanthracene in EtOH, quantum yield 0.88). 38 Luminescence quantum yields (Φ em ) were measured in optically dilute solutions (O.D. < 0.1 at excitation wavelength) and compared to the reference emitter by the following equation:
where A is the absorbance at the excitation wavelength (λ), I is the intensity of the excitation light at the excitation wavelength (λ), n is the refractive index of the solvent, D is the integrated intensity of the luminescence and Φ is the quantum yield. The subscripts r and x refer to the reference and the sample, respectively. All quantum yields were performed at identical excitation wavelengths for the sample and the reference, canceling the I (λ r )/I(λ x ) term in the equation.
Vesicle preparation
Aliquots of phospholipids (0.005 mmol) and ligand 3 (0.5-10 mol%, i.e., 0.025 to 0.5 μmol) were mixed from chloroform/MeOH stock solutions and dried under a flow of nitrogen for a few hours. They were subsequently placed under vacuum to remove traces of organic solvents. The lipid mixtures were then hydrated with 3.0 mL of buffer A; the final concentration of the lipids was 1.7 mM. The lipid suspensions were freezethawed ten times (from liquid N 2 temperature to +50°C), and then extruded ten times (at +50°C) through 200 nm alumina filters (Anotop 10, Whatman). The vesicle-containing samples were conserved in the dark at 4°C and used within 6 days.
Dynamic light scattering
For each sample the particle size distribution of the vesicles was measured by dynamic light scattering (DLS) using an ALV-5000 multibit multi-tau correlator in combination with a Malvern goniometer and a Spectra Physics argon ion laser operating with vertically polarized light with a wavelength of 824 nm. Typically, a distribution centered between 71 and 95 nm radius was found with a polydispersity index of 0.6.
Zeta potential
Calculation of the zeta potential (ζ) values was made from electrophoretic light scattering experiments, giving the electrophoretic mobility. Analysis was made using the Smoluchowski method. Measurements were performed utilizing a Beckman Coulter Nano C system (Beckman Coulter, Krefeld, Germany).
The light source was a laser diode (λ = 658 nm) with a power of 30 mW. The temperature was kept constant at 298 K during the measurements. Scattered light was detected using a PMT.
The software used for controlling and analysis was a Beckman DelsaNano 2.21 (Beckman Coulter, Krefeld, Germany).
Zinc-binding experiments
For all the fluorescence measurements of the [Zn(bapbpy)Cl]Cl complexes the absorption band at 363 nm was used for excitation. Emission spectra were recorded between 300 and 600 nm at a speed of 200 nm per minute, with the excitation slit set at 5.0 and the emission slit at 0 (the minimum value for the instrument, <2 nm). For a typical measurement, the emission and excitation spectra were recorded first without added zinc and then after the addition of ZnCl 2 (each increment was 12.5 μL of a 4 × 10 −4 M solution, i.e., 5 nmol of Zn 2+ ). After each addition the solution was mixed, and the emission spectrum measured. For each concentration of ligand 3 in the DMPG membrane, the zinc addition was stopped after the emission intensity remained constant for three consecutive points (see Fig. 4b ). These three points were averaged to give I sat , the fluorescence intensity at saturation.
Influence of chloride
LUVs functionalized with ligand 3 (1 mol%) were prepared as above, but using different buffers. For sample A zinc was added as ZnSO 4 to the vesicles and buffer A was used. For samples B and C zinc was added as ZnCl 2 , and buffers B and C were used, respectively.
Binding of other metals
Functionalized LUVs (5 μmol DMPG, 1 mol% of ligand 3, in 3 mL buffer A) were prepared as above, and then diluted three times with buffer A (final theoretical DMPG concentration: 0.56 mM). For each sample an emission spectrum was taken as a reference. 2 in water were added (10 μL of a 5 mM solution), and the emission spectrum was measured again. For competition experiments, one equivalent (compared to the first metal) of zinc dichloride was added in the end; a third emission spectrum was measured, and compared to the one with only the first metal.
Results and discussion
Synthesis and X-ray crystal structure
All the compounds investigated are depicted in Scheme 1. The coordination of the bapbpy ligand 1 to zinc(II) dichloride was realized in either dichloromethane or methanol, in dry conditions and at room temperature (see Scheme 1). The resulting pale yellow powder was recrystallized from hot water to afford X-ray quality crystals. Two molecules of water co-crystallize together with a mononuclear pentacoordinated zinc(II) complex. In the crystal of [Zn(bapbpy)Cl]Cl·2H 2 O (compound 2·H 2 O), the geometry of the complex is a distorted square pyramid, with the bapbpy ligand coordinated to the basal plane and a chloride anion in the apical position (see Table 1 and Fig. 1 ). The unbound chloride counter-anion is involved in hydrogen bonding between the lattice water molecules and one of the uncoordinated N-H bridges of the bapbpy ligand. The two water molecules are not equivalent, one being hydrogen-bonded to the second N-H bridge, and the other water molecule to two chloride anions. According to elemental analysis one of these water molecules is removed when the crystals are crushed and dried under vacuum at 60°C. The resulting powder, compound 2, has the chemical formula [Zn(bapbpy)-Cl]Cl·H 2 O. The very high fluorescent quantum yield of compound 2 in water (see below) opened up the possibility to use the bapbpy manifold for the detection of free Zn 2+ ions via fluorescence enhancement. As bapbpy itself is insoluble in water its functionalization with a long lipophilic tail was investigated in order to increase its solubility in lipid bilayers and finally obtain water solubility of the metal chelator using liposomes. 5 Monoacylation of the NH bridges of ligand 1 was realized using one equivalent of lauroyl chloride and statistical reaction conditions (Scheme 2). Due to the electron-withdrawing properties, and possibly to the steric bulk, of the pyridyl groups, the nucleophilicity of the secondary amines of ligand 1 is low. Following a series of unsuccessful and low-yielding experiments using NaOH or NaH in DMF or DMSO we finally adopted a method published by Ogawa et al. using tetrabutyl ammonium bromide as additive and dioxane as the solvent. 39 Thus, preliminary deprotonation in hot dioxane with excess NaOH in the presence of n-Bu 4 NBr, followed by the addition of one equivalent of lauroyl chloride, afforded compound 3 in proportions higher than 50% according to LC-MS of the crude product (see Fig. S1 †) . In such conditions, the disubstituted compound 3′ (Scheme 2) was only observed in trace amounts. Acid-base washing, pentane extraction of the solid, and silica gel column chromatography allowed for isolating the pure monofunctionalized ligand 3 with a preparative yield of 59%. LC-MS analysis, 1 H NMR spectroscopy and high-resolution mass spectroscopy unambiguously conclude to the dissymmetric nature of ligand 3. First, LC-MS analysis of the purified product neither shows the peak of the starting bapbpy ligand 1 at 4.06 min nor that of the diacylated compound 3′ at 9.47 min (see Fig. S1b †) . Second, in the 1 H NMR spectrum of 3 the ratio between the intensity of the triplet of the COCH 2 protons of the side chain and that of the bridging NH is two. Third, highresolution mass spectrometry shows a peak at m/z = 523.3178 expected for [ 
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and NOESY correlation NMR experiments clearly distinguished the expected four non-equivalent pyridyl rings of the dissymmetric product, which concluded to the nature of 3.
Photophysical properties
Absorption and excitation spectra of the Zn complex 2 and of the ligands 1 and 3 in DMF solution are displayed in the ESI (Fig. S3 and S4 †) . The absorption of 2 in water is depicted in Fig. 2 (left) . The spectra show intense π-π* transitions in the UV region and a less intense band at about 364 nm which can be assigned as an intraligand charge-transfer ( 1 CT) band since the absorption in a less polar solvent (THF) shows a strong decrease in intensity and a shift (see Fig. S5 †) . All the compounds emit in DMF solution in the 400-430 nm region (see Table 3 , Fig. S6 †) . Although the bapbpy ligand 1 only dissolves in DMF or DMSO, compound 2 is soluble in water, where it emits under normal daylight a blue glow that can be seen with the naked eye. The emission spectrum of 2 in water is shown in Fig. 2 (left). It displays a broad structureless emission with a maximum at 418 nm upon excitation at 375 nm. A significant emission quantum yield of 0.50 and an excited state lifetime of 5.0 ns were found for 2 in water at 25°C (see Table 2 ). The data are supportive of emission from a singlet ligand-centered state with a charge transfer (CT) character for compound 2.
Indeed decreasing the polarity of the solvent from water to DMF to THF leads to a shift at higher energy of the emission (Fig. 2, right) . A further proof of the CT character of the emission comes from the emission in a solid matrix (MeOH-EtOH, 4 : 1, see Fig. S7 and S8 †). At 77 K the emission spectrum of 2 shows clear vibronic coupling as expected for a ligand-centered transition and a double exponential decay of 3.4 and 6.5 ns. Similar vibronic coupling and biexponential behaviour are observed for compounds 1 and 3 at low temperature (see Table 3 and Fig. S8 †) . To evaluate any possible aggregation with increasing concentration the emission intensity at 440 nm was measured for several solutions within a wide range of concentrations (1.
The emission intensity increases proportionally with the concentration of 2, which accounts for the absence of quenching in bulk solution ).
c Monitored at λ em = 440 nm. e Quantum yields were measured using the relative method (reference: 9,10-diphenylanthracene).
f Monitored at λ em = 420 nm.
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at the concentrations that were later on used for aggregate formation (see below). All the photophysical data are summarized in Tables 2 and 3 .
Theoretical calculation
DFT and TD-DFT calculations were undertaken to study the excited states leading to the emission of compound 2. The influence of the coordination environment of zinc on the excited states of the complex was in a first step investigated by DFT/B3LYP energy minimization using the 6-31G** basis set for C, H, N, O and Cl, and LANL2TZ for Zn as implemented in Gaussian 03. 33 The polarizable continuum model, PCM-(water), 34 Table 4 ; they match well with that observed in the crystal structure of compound 2·H 2 O (see Table 1 ). The energies of the transitions to the 30 lowest energy singlet-to-singlet excited states were calculated for these four species using TD-DFT/B3LYP and PCM(water) as implemented in Gaussian 03. 33 Under this level of approximation neither the nature of the ancillary ligands (Cl − or OH 2 ) nor the coordination geometry (four-, five-or six-coordinate) had a clear influence on the calculated spectrum (see Fig. S10 †) . As a consequence, we only discuss in the following further results obtained with [Zn(bapbpy)Cl] + . Table 5 shows the calculated transition energies and oscillator strengths of the most intense singlet-to-singlet transitions (f > 0.05) for [Zn(bapbpy)Cl] + in water (see also Fig. S10 †) . Only one intense singlet-to-singlet transition was found above 360 nm that would account for the resolved doublet experimentally observed at 364 and 375 nm. Considering the vibronic structure clearly observed in the emission spectrum of 2 at 77 K the low-energy doublet in the electronic absorption spectrum might be due to vibronic coupling as well. Following a method suggested by Ciofini et al., 40 groundstate vibrations in the solvent were first calculated using PCM-(water), 34 which showed that [Zn(bapbpy)Cl] + has many normal modes at energies below 100 cm −1 that might be thermally populated at room temperature. One of these low normal modes, i.e. the third lowest mode, calculated at 44.4 cm −1 , is for example represented in Fig. 3a . It corresponds to a "butterfly"-type motion around the non-coordinated amine bridges. An electron density difference plot was also made for the lowest-energy transition of [Zn(bapbpy)Cl] + (see Fig. 3b and S11 †), which shows that it is a ligand-centered, π-π* transition with strong contributions of the nitrogen p orbitals of the same non-coordinated amine bridges. Qualitatively, these NH bridges are thus involved both in the transitions to the lowest singlet state, and in low-energy, groundstate vibrations of the complex, which are susceptible of being thermally populated at room temperature. Overall, these theoretical calculations support the hypothesis that the resolved doublet observed in the UV-Vis spectrum of compound 2 is due to vibronic coupling. Vesicle preparation and the influence of the lipid charge on zinc(II) binding to the membrane Large unilamellar vesicles (LUVs) made of either 1,2-dimyristoyl-sn-glycero-3-phosphorylcholine (DMPC) or 1,2-dimyristoylsn-glycero-3-phosphorylglycerol Na + salt (DMPG) lipids and x = 0.5-10 mol% of ligand 3 were prepared as described in the Experimental part. The lipid vesicles appear here as a means to solubilize in water the highly lipophilic zinc chelator 3. The size distribution of the vesicles was measured by dynamic light scattering; they were centered between 71 and 95 nm radius depending on the sample, with an average radius of 86 nm. Each sample was found to be moderately fluorescent due to the embedding of the polypyridyl ligand within the bilayer. In a second step, one equivalent of zinc dichloride (compared to the amount of ligand 3) was added to the vesicles, and the fluorescence of the solution was measured again. For DMPC samples, the fluorescence did not vary appreciably after several hours at room temperature (see Fig. S12 †) . By contrast, the fluorescence for the DMPG sample increased significantly within mixing times, and the wavelength maximum of the fluorescence spectrum of ligand 3 in DMPG membrane, situated at 430 nm, was slightly shifted to 440 nm after zinc addition (see Fig. S12 †) . With 1 mol% of ligand 3 in the membrane, bi-exponential fluorescence lifetimes were measured: from 1.4 ns (47.8%) and 8.6 ns (52.2%) before zinc addition. They slightly changed after zinc coordination: 1.88 ns (29.3%) and 4.5 ns (70.7%). Finally, in those samples the zeta potential also became less negative, from −51.06 mV to −27.07 mV, after zinc addition.
These results account for fast coordination of zinc, at room temperature, to the bapbpy manifold of ligand 3 embedded in the anionic DMPG bilayer. They also clearly show the critical influence of the lipid charge on the coordination chemistry between the free zinc(II) ions and the bilayer-embedded neutral ligand. The reason for such a different coordination behavior is still unclear, although electrostatic forces play an obvious role. One possibility is that the ligand may adopt a "wrong" conformation in zwitterionic membranes, e.g., it might be buried in the hydrophobic layer where the zinc ions cannot go. Alternatively, the positive charge of the ammonium heads of DMPC might create a repulsive energy barrier that hampers coordination. Another hypothesis is that electrostatic forces would first drive the exchange of bulk Zn 2+ cations with the counter-cations of the DMPG lipids, and that in a second step the Zn 2+ cations "adsorbed" at the membrane would meet and coordinate ligand 3 by 2D diffusion at the liposome surface. It has been suggested that host-guest interactions may become up to 1000 times more likely when they take place in 2D, as opposed to the same interaction in a 3-dimensional space. 12, 41 Although the interactions between negatively charged lipids and metal cations have been studied extensively, 42, 6, 43, 44 the present study represent a demonstration that lipid charges are an important parameter in the building of a liposomal platform for sensing a metal ion in aqueous solution.
Fluorescent studies with DMPG vesicles
In order to quantitatively measure zinc(II) binding at the membrane-embedded ligand the effect of increasing amounts of zinc dichloride on the fluorescence intensity of DMPG vesicles functionalized with ligand 3 was measured (see Fig. 4 for 0.5, 1, and 2 mol%, and Fig. S13a † for 5 and 10 mol%). Since the emission quantum yield cannot be measured in water due to the low solubility of the compound, and since we cannot estimate it in the vesicles due to the scattering of the medium, we neglected the initial emission. We believe that the emission quantum yield is much lower in the lipid layer than in the pure organic solvent. From the initial intensity I 0 in the absence of Zn 2+ , the fluorescence of each sample increased until a plateau was reached (intensity I sat ). A good linearity of the fluorescent response to zinc binding was obtained even at a high ligand concentration (Fig. S13a †) , where significant filtering of the fluorescence intensity by the concentrated solutions took place (see Fig. S13b †) . At such high concentrations, we cannot fully exclude that two ligands 3 bind to the same zinc ion to produce a more flexible, less fluorescent species, 9 which might also contribute to the lowering of the fluorescent response. For a ligand concentration in the membrane of 1 mol%, the maximum fluorescence increase (I sat − I 0 )/I 0 was found to be 113%. The variations of the fluorescence intensity as a function of the added zinc concentration for different amounts of ligand 3 in the DMPG bilayer were modeled by assuming a 1 : 1 binding scheme where Zn 2+ cations are unable to cross the membrane; a binding constant K a of ∼5 × 10 6 M −1 was obtained (see Fig. 4b and ESI †). Such a value allows for detecting free zinc ions in the micromolar range or above.
Influence of chloride anions
Biological media contain chloride anions, and in order to check the potential of our system for in vitro detection of free zinc the behavior of DMPG-embedded ligand 3 in the presence of varying concentrations of chloride anions was studied. In the solid state one chloride anion was bound to the zinc complex, but in solution the Zn-Cl bond might be hydrolyzed, which might influence the fluorescence intensity of the complex. Three types of samples containing 1 mol% of ligand 3 in DMPG vesicles were prepared: sample A contained no chloride anions in the buffer, Zn 2+ being added as zinc sulfate (chloride-free conditions); samples B and C contained chloride concentrations of 10 and 110 mM in the buffer, respectively, which is close to the typical concentrations found in the cytoplasm and extracellular space, respectively. For both samples B and C zinc was added as zinc dichloride. As can be seen in Fig. 5 , the evolution of the fluorescence intensity with gradual addition of zinc(II) for samples A, B and C follows the general trend presented in Fig. 4b , with a slightly reduced (−15%) saturation intensity for chloride-free sample A. Most importantly, samples B and C behaved very similarly, which points to the similar response of the fluorescence when the functionalized DMPG vesicles are inside or outside a cell.
Coordination of first-row transition metal ions and competition experiments
The behavior of ligand 3 embedded in DMPG membranes was studied as a function of the nature of the metal added to the sample (see Fig. 6a ). and Hg 2+ . In all these experiments, the highest variations in fluorescence intensity, whether positive or negative, were ∼50% (i.e., I sat /I 0 = 1.5). This behavior is peculiar for metal sensing, as most zincdetecting chelators described in the literature usually show similar fluorescence intensities of the sensor in the presence and in the absence of metal ions other than Zn 2+ (or Cd 2+ ). In other words, a low response is usually observed for metal ions with unfilled d orbitals. 17, 18 In the case of compound 3 at DMPG liposomes, we assume that the excited state responsible for fluorescence, like for bapbpy, is an LLCT state involving the non-coordinated NH bridge. A possible explanation for fluorescence quenching is an efficient electron transfer from the amino group to the metal ion. Such a mechanism cannot occur in the free ligand or when 3 is coordinated to non-redox active ions such as Zn 2+ , but it does take place when one or several d-orbitals of the chelated metal are empty. For many donor-acceptor zinc sensors 45 the electronic effects of Zn 2+ binding result in changes in the HOMO and LUMO energies of the ligand. In the case of ligands 1 and 3 the HOMO-LUMO gap does not change significantly upon binding to the metal. Most probably, the higher quantum yield of the LLCT-based emission after zinc coordination arises from the more rigid structure of the ligand once coordinated to the metal center, whereas before coordination the tetradentate ligand stays in a highly flexible, extended conformation typical of bipyridine chelates. complexes, which may have a similar affinity for the bapbpy manifold.
Discussion and conclusion
In this work, coordination of zinc dichloride was found to turn the water-insoluble bapbpy ligand into a water-soluble, highly fluorescent complex, which was characterized structurally, photophysically, and by DFT calculations. Upon photoexcitation the non-bonded NH bridges of the ligand are able to donate electron density to the central bipyridyl unit. De-excitation is accompanied by photon emission, and the efficiency of this process is enhanced by zinc binding. The recent discovery of the link between zinc metabolism disorders and severe neurological diseases has triggered the search for a new means of measuring free zinc concentration in biological media. 17, 21, [48] [49] [50] Due to the spectroscopically silent nature of Zn(II), fluorescence is the method of choice, and very efficient ligand systems have been published allowing a strong increase (up to ×150) of the fluorescence upon zinc binding, and high binding constants (K a ∼ 10 9 to 10 12 M −1 ). 13, 18, 21, 25, 51 In order to measure the binding constant of bapbpy to Zn(II) ions in aqueous solution we needed to solubilize the ligand in water. A classical strategy would have been to functionalize it with polar functional groups. However, in order to avoid potential interferences of such groups with the binding strength and/or with the photophysical properties of the zinc complex we considered increasing the lipophilicity of the bapbpy ligand with a neutral alkyl tail, and to insert ligand 3 into liposomes. In the resulting DMPG-based system a modest doubling of the fluorescence intensity upon zinc binding was observed, which is due to the significant fluorescence of the metal-free ligand 3. The binding constant is too low, too, to measure biologically relevant concentrations of zinc in vitro, and competition between Cu(II) and Zn(II) may render such measurements difficult to interpret. For these reasons we did not realize in vitro experiments with this system. In conclusion, although the potential use of unilamellar vesicles in analytical studies has recently been recognized by Giokas and Vlessidis 5 in vitro analytical applications are still scarce. In this work we investigated ex cellulo the use of liposomes to obtain water solubility of lipophilic metal chelators, and observed the dramatic effect of the charge of the lipid bilayer on the coordination chemistry between the "free" metal cations and the neutral, membrane-embedded ligand 3. Such electrostatic interactions not only play a role in biology; 3, 6, 52 they also appear as an essential tuning parameter in the building of liposome-based ion-sensing platforms. LUV, lipid concentration 0.56 mM, 25°C, 10 mM phosphate buffer pH = 7.0, total ionic strength 50 mM.
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